R adical resection is essential for improving outcomes in glioma surgery. 21, 27 Mere reliance on intraoperative microsurgical techniques is probably not sufficient for consistently achieving this goal, as the visualized tumor borders are often indistinct, even when viewed through a surgical microscope. Navigation systems provide a roadmap for surgery by integrating preoperative images (usually MRI) and registering them to the patient. 36 The use of these systems during tumor resection can be divided simply into 2 phases-the first phase includes lesion localization (this includes planning of the bony exposure as well as localization of the tumor mass objeCtive Navigated 3D ultrasound is a novel intraoperative imaging adjunct permitting quick real-time updates to facilitate tumor resection. Image quality continues to improve and is currently sufficient to allow use of navigated ultrasound (NUS) as a stand-alone modality for intraoperative guidance without the need for preoperative MRI. MethoDs The authors retrospectively analyzed cases involving operations performed at their institution in which a 3D ultrasound navigation system was used for control of resection of brain tumors in a "direct" 3D ultrasound mode, without preoperative MRI guidance. The usefulness of the ultrasound and its correlation with postoperative imaging were evaluated. resUlts Ultrasound was used for resection control in 81 cases. In 53 of these 81 cases, at least 1 intermediate scan (range 1-3 intermediate scans) was obtained during the course of the resection, and in 50 of these 53 cases, the result prompted further resection. In the remaining 28 cases, intermediate scans were not performed either because the first ultrasound scan performed after resection was interpreted as showing no residual tumor (n = 18) and resection was terminated or because the surgeon intentionally terminated the resection prematurely due to the infiltrative nature of the tumor and extension of disease into eloquent areas (n = 10) and the final ultrasound scan was interpreted as showing residual disease. In an additional 20 cases, ultrasound navigation was used primarily for localization and not for resection control, making the total number of NUS cases where radical resection was planned 101. Gross-total resection (GTR) was planned in 68 of these 101 cases and cytoreduction in 33. Ultrasound-defined GTR was achieved in 51 (75%) of the cases in which GTR was planned. In the remaining 17, further resection had to be terminated (despite evidence of residual tumor on ultrasound) because of diffuse infiltration or proximity to eloquent areas. Of the 33 cases planned for cytoreduction, NUS guidance facilitated ultrasound-defined GTR in 4 cases. Overall, ultrasound-defined GTR was achieved in 50% of cases (55 of 111). Based on the postoperative imaging (MRI in most cases), GTR was achieved in 58 cases (53%). Final (postresection) ultrasonography was documented in 78 cases. The findings were compared with the postoperative imaging to ascertain concordance in detecting residual tumor. Overall concordance was seen in 64 cases (82.5%), positive concordance was seen in 33 (42.5%), and negative in 31 (40%). Discordance was seen in 14 caseswith ultrasound yielding false-positive results in 7 cases and false-negative results in 7 cases. Postoperative neurological worsening occurred in 15 cases (13.5%), and in most of these cases, it was reversible by the time of discharge. CoNClUsioNs The results of this study demonstrate that 3D ultrasound can be effectively used as a stand-alone navigation modality during the resection of brain tumors. The ability to provide repeated, high-quality intraoperative updates is useful for guiding resection. Attention to image acquisition technique and experience can significantly increase the quality of images, thereby improving the overall utility of this modality.
for selecting the trajectory of entry), and the second phase is for actual control during the resective phase of the surgery, when repeated updates are desirable. The limitation of navigation systems is primarily related to their inability to follow the dynamic changes in intraoperative anatomy as resection proceeds. 18 This has led to various strategies for intraoperative imaging, such as MRI, CT, and ultrasonography, to update tumor-related information in real time. 2 Although intraoperative MRI would be ideal, it is not widely available and is often prohibitively expensive. Intraoperative ultrasonography, on the other hand, is readily available.
14 Advances in ultrasound technology have resulted in navigation solutions that overcome many of the limitations of conventional 2D ultrasound. Navigated ultrasound (NUS) is a novel technique for intraoperative imaging using tracked ultrasound images (both 2D and 3D) for guidance and improving orientation. Many reports describe ultrasound as being used along with preoperative MRI for the purpose of navigation, essentially using image coregistration to continue utilizing preoperative MRI information (either by visual estimation of brain shift or, less commonly, by automatic brain-shift correction). 8, 9, 13, 22, 24 Navigated 3D ultrasound is a type of NUS using 3D ultrasound volumes. 33 It can be used in conjunction with preoperative MR images or as a stand-alone modality. There are advantages to using NUS directly. We describe our experience with using direct 3D NUS without preoperative MRI guidance during tumor resection.
Methods
This was a retrospective analysis. We have been using the SonoWand system (SonoWand AS) for navigated 3D ultrasound since June 2011. This system has been previously described in detail. 7, 16 Although it can function as a routine navigation platform using preoperative MR images, it includes the capability of acquiring reformatted 3D ultrasound images that can be tracked. The 3D ultrasound can be used in conjunction with preoperative MR images, or it can be used by itself as a stand-alone direct navigated ultrasound (dNUS) option. For this study, we queried a database that includes all cases of surgically treated brain tumors for which 3D ultrasound navigation was used and selected for analyses all studies in which the dNUS mode of function was used. The patients' clinical characteristics, ultrasound parameters, extent of resection, and postoperative outcomes were recorded. Descriptive data were reported as percentages. The probes used included the 8FPA (3-to 8-MHz phased array, 25 × 17-mm footprint), 10FPA-MC (5-to 10-MHz phased array, 15 × 13-mm footprint), and 12FLA (6-to 12-MHz linear array, 32 × 11-mm footprint). The evaluation of the ultrasound features included the type of probe used, the resolution of the images, the number of scans (initial and intermediate, as well as final) performed, and the decision of the surgeon at each time point. This information was extracted from the operative records, where this is specifically documented as a routine protocol. The final ultrasound scan interpretation was considered in identifying ultrasounddefined gross-total resections (GTRs). Postoperative MRI studies were obtained in the majority of cases. Whenever MRI was not possible, CT scans were obtained. Postoperative imaging was semiquantitatively recorded as GTR (no residual tumor), subtotal resection (< 50% residual tumor), or partial resection (> 50% residual tumor). Ultrasound and MRI (or CT) findings were correlated to find the concordance.
results
A total of 202 operations were performed using the 3D ultrasound system between June 2011 and May 2015 at our institution. Of these, 111 cases were identified where only dNUS was used. These 111 cases are the subject of further analysis in this paper. The patients' sex, tumor characteristics, and ultrasound features for these cases are presented in Table 1 . Most of the tumors were high-grade gliomas. Routine microneurosurgical principles were used for all cases. Functional monitoring (with awake craniotomy) was performed when needed. As part of a multimodal strategy, 5-aminolevulinic acid-based fluorescence guidance was used in 16 of these cases. For all cases, the NUS was used for decision making in conjunction with the surgeon's intraoperative judgment and intraoperative functional monitoring findings. The ultrasound probe 8FPA was used in the 94 of the 111 cases. Linear (12FLA) and minicraniotomy (10FPA-MC) probes were used less often. The power Doppler function of the SonoWand system was used to identify important vessels in the vicinity of the tumors. NUS was used for resection control in 81 of the 111 cases. Of the remaining 30 cases, 10 involved procedures that were intended to be only biopsies (NUS was used for frameless ultrasound-guided biopsy). All 10 yielded a positive diagnosis (confirmed at intraoperative frozen section). In the 20 other cases, resection was planned, but NUS was not used after the initial ultrasound acquisition either because it was not necessary (n = 16, 12 metastases or extra-axial lesions, 4 high-grade gliomas where fluorescence-guided resections were performed) or was technically inadequate (n = 4, all gliomas). The technical failures resulted from inadequate insonation due to positioning problems during the surgery. In all 30 of these cases, NUS was used only for lesion localization. In the 81 cases for which NUS was used for resection control, at least 1 intermediate scan (range 1-3) was obtained during the course of the resection in 53 cases, prompting further resection in 50. In this subgroup, 10 cases involved highgrade gliomas for which intraoperative fluorescence was also used. In the remaining 28 cases, intermediate scans were not performed either because the first ultrasound scan obtained after resection was interpreted as showing no residual tumor (n = 18, in 2 cases fluorescence was also used as a guide for resection) and resection was terminated or because the surgeon intentionally terminated the resection prematurely due to the infiltrative nature and extension of disease into eloquent areas (n = 10) and the final ultrasound was interpreted as showing residual disease. Figures 1-3 show typical representative cases where dNUS was used. Figure 4 shows the outline of the results.
Of the 111 cases where dNUS was used, debulking was intended in 101 (GTR planned in 68 and cytoreduction in 33; Table 1 ). In the intended GTR group, ultrasounddefined GTR was achieved in 51 cases (75%). In the remaining 17 cases, further resection had to be abandoned (despite ultrasound evidence of residual tumor) because of diffuse infiltration or proximity to eloquent areas. Of the 33 cases in which cytoreduction was planned, NUS guidance facilitated ultrasound-defined GTR in 4 (12%). Overall, ultrasound-defined GTR was achieved in 55 (50%) of 111 cases. Based on the postoperative imaging (MRI in most cases), GTR was achieved in 58 cases (53%) ( Table  1) . Final (postresection) ultrasound findings were documented in 78 cases. These results were compared with the results of postoperative imaging to ascertain concordance in detecting residual tumor. Overall concordance was seen in 64 cases (82.5% overall; positive concordance in 33 [42.5%] and negative in 31 [40%]). Discordance was seen in 14 cases: 7 in which ultrasound produced false-positive results and 7 in which it produced false-negative results.
Postoperative worsening of neurological condition occurred in 15 cases (13.5%). In 13 of these cases, the worsening was transient and the patients recovered by the time of discharge; in 2 cases, it was prolonged and persisted at the 1-month follow-up.
Discussion
Conventional navigation systems are essentially based on preoperatively acquired CT or MR images. They facilitate the accurate planning and execution of tailored craniotomies. They are also very useful for localizing the lesion and planning the optimal entry path to the lesion. However, one must remember that all navigation systems require image-to-patient registration, which introduces the element of "registration error." Sometimes technical failures or mishaps (such as movement of the reference frame) may result in inadvertent complete failure of the navigation, literally leaving the surgeon stranded without a backup alternative. Moreover, once the dura is opened (and occasionally, even before that) "brain shift" sets in, rendering the preoperatively acquired images inaccurate and therefore no longer reliable for further navigation. Thus, the use of routine navigation is questionable if its applicability beyond the stage of craniotomy is limited, especially considering that appropriate craniotomies are possible to plan with a good knowledge of surface anatomy after carefully studying the preoperative images. The use of innovative and improvised techniques can also help in planning accurate craniotomies without the need for navigation. 1, 30 The additional time (and expense) of performing a navigated craniotomy may not be justifiable in many high-volume centers, particularly in resource-constrained settings. Whereas navigation is not indispensable for planning the craniotomy, it is crucial during the subsequent resective phase of the surgery for intra-axial tumors. Hence, some form of intraoperative imaging is preferable. 2 Intraoperative ultrasonography provides reliable real-time updates of the operative field ("live anatomy"). 4, 10, 14, 25, 34, 35, 37 The limitation of ultrasound in delineating residual tumor is mainly related to 2 issues: image quality and anatomical orientation. Recent advances in ultrasound technology have significantly improved resolution. Its optimal use, however, requires some training and experience, which can be easily acquired. Furthermore, it is known that the image resolution and quality of the ultrasound images decrease as resection proceeds. 26 This is primarily because of artifacts introduced by the surgical manipulation. Many strategies have been described to reduce these artifacts, making it possible to eliminate the majority. 28 The bigger problem is probably that of lack of anatomical orientation. Traditionally, B-mode ultrasound images are displayed in planar format, with the view limited to the field insonated (which may be a sector or a rectangular display depending on the probe used) and in the plane of insonation (which The left side of the screenshot shows the plane of acquisition of this image with respect to the preresection US (white sector outline superimposed on the preresection tumor image). Note that the sector outline is not exactly aligned to the preoperative image, implying that the plane of visualization of the real-time image displayed on the right does not correspond to the preresection scan plane on the left. Therefore, any estimation of location of residual tumor will not be accurate if only 2D images are used. lower: The same images as above now acquired with navigated 3D ultrasound and co-displayed in 2 orthogonal identically corresponding planes, allowing for point-to-point correlation of image characteristics.
often is oblique and not the traditional axial, coronal, and sagittal views most neurosurgeons are accustomed to). Absence of known anatomical landmarks within this plane would make it very difficult to understand the orientation. Even if the orientation can be deciphered, one needs a photographic memory and a very accurate sense of position to transfer the ultrasound image information into the operative space, especially when looking for small areas of residual tumor (Figs. 2 and 3) . Technically, performing the ultrasound scan in true real time (simultaneously as the surgery is proceeding) can overcome this problem. However, it is logistically challenging (bigger exposure for simultaneous ultrasound and surgical instrument placement) and may often be inaccurate if the tip of the surgical tool is not exactly in the plane of the insonation. 32 Navigated ultrasound is essentially a "tracked" ultrasound. Just as preoperative MR images can be navigated, integrating intraoperative ultrasound into navigation can help track and navigate the ultrasound images. Both customized integration of ultrasound into commercially available navigation systems 5, 8, 9, 22 and precalibrated ultrasound navigation 7 solutions are available. The navigated ultrasound may be 2D (planar) or 3D (volumetric). Navigated 2D ultrasound is usually used in conjunction with preoperative MR images. 3D ultrasound can be acquired either by using specialized (and motorized) 3D probes 17 or by reconstructing a 3D ultrasound volume from multiple stacked 2D ultrasound images acquired using a tracked ultrasound probe. 7, 11, 29 Whereas tracking is essential for reconstructing 3D volumes from multiple 2D images, it is not required for 3D probes that directly acquire 3D volumes. However, if the resultant volume is to be practically useful for navigating during surgery, it is essential to be able to track the images. Without the navigable component, even 3D ultrasound is of limited use. 3 When the ultrasound probe is tracked, the exact spatial coordinates of the ultrasound volume scanned are known, and the system is able to navigate instruments within this volume. Our system uses digitally transferred and reconstructed tracked 3D ultrasound images (SonoWand).
Navigated direct 3D ultrasound eliminates the need for the preoperative MRI altogether. Good-quality ultrasound images have been shown to be comparable to MR images in delineating brain tumors. 6, 34 Therefore, in our opinion, little advantage is gained by using the preoperatively acquired MR images (especially once brain shift has occurred). Also, in many cases, logistical challenges make it difficult to organize preoperative MRI. This is often the case for emergency surgeries or when getting an early preoperative MRI appointment may be difficult (as happens frequently in our center, which has a very busy service, with MRI services being oversubscribed). By acquiring large volumes of insonation (by a combination of adequate exposure, appropriate probe configuration, and optimal scanning technique) to encompass surrounding uninvolved brain regions, ultrasound can provide a panoramic overview of the surgical anatomy, facilitating easy orientation of the surgical field (Fig. 1) . 3D ultrasound also provides very good real-time intraoperative angiogram acquisition. Although navigated 2D ultrasound also improves orientation, it is less helpful. The main reason is that, in navigated 2D ultrasound, each time a new image is obtained, it is displayed in relation to the corresponding image plane in MR. Although this helps orientation of the ultrasound slice plane, when repeated serial 2D ultrasound slices are obtained to monitor the progress of a resection, it is impossible to get the same plane of insonation again and again. By acquiring a stack of 2D ultrasound images and reconstructing them into a tracked 3D ultrasound volume, this problem is overcome (Figs. 2 and 3) . Once acquired, the 3D volume can be sliced in any desired plane for display (and this can be done repetitively with accu- Fig. 3 . 3D ultrasound images (from the same case as the images in Fig. 2 ) obtained at different stages of the surgery (A, preresection; b, during resection; C, postresection) and co-displayed in identical planes. This allows pinpoint localization of exact site of (suspected) residual tumor and its localization using a navigator tool (straight white line in each images indicates the navigator position). racy), and multiple 3D sets can be compared in the chosen plane. Further, if brain-shift correction algorithms are to be used, 3D ultrasound is essential. 23 Using this dNUS technique, we were able to achieve intraoperative radical resections in 50% of cases (75% in the intended GTR group). The intraoperative ultrasound findings correlated with postoperative MRI findings in 82.5% of cases. In the cases in which only biopsy was planned, using dNUS resulted in a diagnostic yield of 100%. Use of direct 3D ultrasound has been previously reported in a few cases. Miller et al. 12 reported 2 cases of deep-seated lesions in which unexpected failure of the conventional navigation system occurred. The authors resorted to using dNUS for lesion localization and resection control and reported that it was effective. Peredo-Harvey et al. 20 reported 18 cases (15 of which were tumor resections) in which conventional MRI-based navigation failed (7 cases in which MR images could not be loaded into the navigation system, 5 in which the emergency nature of the procedure did not permit time for preoperative MRI, and 6 other technical failures). These 18 cases constituted 16% of their navigation cases in the same time period, which effectively means that the failure rate of conventional navigation was 16% in their series. They went ahead with using the navigated 3D ultrasound (SonoWand) and successfully completed the procedures. The ultrasound was adequate in all cases, and radical (> 99%) resections were achieved in 11 of 15 cases. In the 4 other tumor resections, the lesions were subtotally excised (95%-99% resection) because of proximity to eloquent structures. In 2 of the 18 cases, the system was used for obtaining frameless biopsies, and both biopsies yielded positive diagnoses. Both these reports describe the use of 3D ultrasound as a fallback option after failure of standard navigation. In contrast, the present study describes navigated 3D ultrasound as the preferred firstline modality for intraoperative guidance. We used it for both frameless biopsy and resection control. Although it is feasible to perform frameless biopsy using preoperative MRI, we have found it equally convenient to do it under ultrasound guidance through a bur hole with a special minicraniotomy probe (MC probe, SonoWand) and using an intuitive "target" function of the system. The placement of the bur hole can be planned by studying the preoperative scans. All 10 of our cases yielded a positive diagnosis. The major use of dNUS was resection control (80% of cases), and it is in these cases where its maximum benefit is evident. Solheim et al. 31 published on a large experience using a similar NUS platform in cases of high-grade gliomas. They used the NUS in 143 of 156 glioma cases in their series. However, in 119 cases, they also used preoperative MR images in addition to the ultrasound, effectively using stand-alone NUS as a single modality in only 24 patients (approximately 16% of their cases). We have been less reliant on MRI, and hence, almost 50% of our operations are performed with dNUS. In our experience, dNUS has been extremely effective during brain tumor surgeries.
Limitations and Benefits of dNUS
We had technical failures in 4 cases (4%). All of these were because of inadequate insonation due to suboptimal patient position during the surgery, precluding effective filling of the resection cavity with saline for ensuring good acoustic coupling. This may be particularly problematic in awake surgeries, where optimal patient positioning may be difficult to achieve. Ultrasound enabled us to correctly predict residual tumor in 82.5% of cases. There were still false negatives and false positives, but in our earlier experience, 15 we have observed that these can be reduced by careful attention to image acquisition, something that comes with experience. Moreover, it must be noted that in our study, the ultrasound findings were not confirmed by histological sampling but with respect to the postoperative imaging (MRI in most cases). Knowing the limitations of postoperative MRI, we can argue that the accuracy of ultrasonography as judged on the postoperative MR images may not be entirely correct. An objective summary of the main pros and cons follows.
Major Benefits
1. Direct NUS eliminates the need for preoperative MRI. This saves time and money. It is also extremely useful in emergency cases where MRI may not be possible.
2. Direct NUS eliminates the registration inaccuracy inherent to image-to-patient registration algorithms, because the acquisition and display of the images is in the same reference frame.
3. The scans are very easy and convenient to obtain (not more than a few minutes each time an update is needed). Therefore, they can be repeated as many times as needed without significantly prolonging the overall duration of surgery.
4. Direct NUS does not interfere with the surgical workflow (unlike intraoperative MRI) and is not logistically challenging. This can be particularly convenient with awake surgery.
Limitations
1. Interpretation of the ultrasound images (in the absence of a full head view) can be challenging for the lessexperienced user. By insonating a large volume to include surrounding brain and known anatomical landmarks (not just the tumor area), a large 3D volume can be reconstructed, and this considerably improves the orientation. Also, as mentioned, preoperative MR images can be used (in codisplay) in the early phase of the surgeon's learning curve.
2. Image quality may be suboptimal. Meticulous technique during insonation (mastered with experience over time) can minimize most of the causes of suboptimal image quality.
Conclusions
Direct navigated 3D ultrasound is a novel intraoperative imaging strategy for stand-alone navigation during tumor resective surgery. It provides quick, accurate, real-time updates and facilitates optimal resection with no major financial or logistical challenges. Experience with ultrasound image acquisition as well as interpretation is essential to extract the maximum benefit from this potentially useful adjunct.
